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ABSTRACT 
Experimental techniques are developed for observing 
droplet evaporation in the submicroscopic size range. An 
expansion-compression cloud chamber with an atmosphere of 
tank helium saturated with water vapor is employed. This 
work was undertaken with the aim of examining submicroscopic 
droplet behavior and the existence of re-evaporation nuclei, 
a form of memory effect. 
The theories of evaporation and nucleation on sub-
microscopic drop residues were re-examined, and alter-
ations which appear to be consistent with the results of 
this work were incorporated into the evaporation theory. 
The observed continually decreasing evaporation rate 
with diminishing droplet size confirms the existence of 
re-evaporation nuclei, but these observed terminal evapo-
ration rates appear to be too small to be compatible with 
existing theory. The results do support the viewpoint that 
surface effects predominate in controlling the terminal 
rate of evaporation. 
When the critical supersaturations required for re-
nucleation on the residues were analyzed with Fletcher's 
heterogeneous nucleation theory by assuming a value for m, 
the experimental points agreed well with theory which 
postulated that the evaporation coefficientoe varied 
directly as the area of the drop after the drop reached a 
James Gilbert Smith 
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certain size. It appears that this work could lead to a 
verification of Fletcher's heterogeneous nucleation theory, 
providing that the drop contaminant(s) can be determined 
and an independent measurement of size can be made. 
An independent mobility measurement was attempted, but 
yielded null results. These results are consistent with 
the existence of an insoluble surface layer on the drop. 
Such a layer is consistent with sizes determined by using 
Fletcher's heterogeneous nucleation theory for values of 
m less than 0.95. 
Calculations which assumed the drops to be pure water 
predicted complete evaporation in 0.37 seconds after the 
beginning of the cloud chamber compression. The experi-
mental results indicate that the drops approach a stable 
size. Determination of radii with the Kelvin equation for 
pure water yielded mean radii of 112 A and 91 A for 
respective times of 0.57 and 0.88 seconds after the 
beginning of the compression. 
Evaporation theory, assuming the presence of a solute 
in the drop, predicts a stable size for the drop in 0.38 
seconds. Experimental results disagree by showing a 
finite evaporation rate much later in the compression. The 
Kelvin equation, amended for solute content, predicts mean 
drop radii of about 70 A and 60 A for the respective times 
0.57 and 0.88 seconds. 
1v 
Corresponding radii determination using Fletcher's 
heterogeneous nucleation theory for an assumed m = 0.95 
yielded radii of )80 A and 218 A respectively. These 
latter values are consistent with the null result of the 
mobility experiment. 
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CHAPTER I 
STATEMENT OF PROBLEM 
Water droplets are ever present in the atmosphere, even 
at rather low relative humidities. The role of these small 
droplets in condensation and cloud behavior has been widely 
studied. Countless numbers of atmospheric nuclei cycle in 
and out of clouds so that the effect of the condensation and 
evaporation process on the nature of these nuclei must be 
considered. Most often the ana1ysis of droplet behavior is 
assumed to be governed solely by their solute content. The 
present work strongly suggests that sur~ace active impurities 
strongly affect the terminal evaporation properties of 
droplets and the ability to be reactivated. New experimental 
techniques are developed for determining the evaporation 
rates of submicron size droplets. The so-called memory 
effect observed in expansion cloud chambers is ~ound to be 
the consequence of a steady retardation in the evaporation 
rate of diminishing droplets so that a remarkably stable 
condensation nucleus is formed. 
1-1. Introduction. Previous droplet evaporation experi-
ments have been limited almost entirely to visible drops. 
Because of this limitation, a knowledge gap exists in the 
evaporational behavior of drops less than a few tenths of 
a micron in size. 
2 
There are a number o~ reasons ~or the existence o~ 
this gap in know1edge. The most obvious reason, o~ course, 
concerns how one observes the behavior o~ submicroscopic 
drop1ets. Quite c1ear1y, any observation must be made in-
direct1y uti1izing acceptab1e experimental and theoretical 
procedures. Perhaps, another reason that there has been 
1itt1e activity re1ated to sma11er drop1ets is that evapo-
ration theory does exist tor these very sma11 drop1ets 
although it has not been checked experimenta11y except in 
the case o~ 1arger drops. The simp1e existence o~ sma11 
drop1et theory permitted quantitative ca1cu1ations when 
desired, a situation which probab1y led to genera1 satis-
faction with the state o~ know1edge o~ evaporation theory. 
Accumu1ating evidence in this laboratory in particular, 
however, indicates that the actual behavior ot smal1 drop-
1ets diverges widely from the predictions o~ the afore 
mentioned theory. This evidence, coup1ed with recent in-
creased interest in invisible drops, intensifies the need 
~or more information about these sma11 droplets. This 
investigation has the aim of providing just such i~ormation. 
1-2. Relevance o~ the Evaporation o~ Submicroscopic 
Drops. The evaporation o~ invisib1e drops is relevant to 
several areas of interest. The most obvious area is that o~ 
water drops in our atmosphere. Meteorologists must consider 
in great detai1 the many diverse phenomena associated with 
3 
both evaporation and its close relative, condensation. Also 
associated with our atmosphere, but of interest to a wider 
variety of researchers, are the hazes. fogs, and smogs 
associated with manufacturing. military operations, and 
natural phenomena associated closely with the surface of the 
earth. The problem of air pollution has attained national 
importance in most advanced countries. 
There is a wide variety of problems involving the 
evaporation of very small drops. For example, operators of 
steam turbines would like to be able to predict the sizes of 
water drops injected into the lines for cooling purposes. 
The amount of erosion of the turbine blades is apparently a 
function of the radii of the drops as they reach the turbine. 
Similar problems exist in chemical, medical, and biological 
areas. 
1-). Evidence Related to Submicroscopic Droplet Behavior. 
1-).1. He-evaporation Nuclei. C. T. R. Wilson, 1 
working with a cloud chamber free of dust particles, 
categorized several types of nucleation according to the 
magnitude of the supersaturation ratio s. He observed three 
distinct classes of condensation nuclei which have since 
been identified with homogeneous nucleation (S ~ 4.8). 
nucleation on ions (S ~ 4.2), and nucleation on residues 
resulting from the incomplete evaporation of drops previously 
4 
formed in the chamber (S ~ 1.7). These residues which 
result from incomplete evaporation are called re-evaporation 
nuclei. Higuchi and O'Konski2 rejected the reciprocating 
piston method of studying condensation because of incomplete 
evaporation of the drops during compression. Others3• 4 have 
also referred to the same type of phenomenon. 
1-).2. Allard's Observations. In this laboratory 
Allard5 performed several qualitative cloud chamber experi-
ments related to re-evaporation nuclei. He initially expanded 
the chamber causing condensation on cosmic ray tracks at a 
supersaturation of about 4.2. The expansion was followed by 
a compression resulting in a temperature about 50 °C above 
room temperature. The compression was held for about 3 
seconds and a second fast expansion followed. Upon the 
attainment of a supersaturation of about 2.5. the original 
tracks reappeared with their original configuration altered 
only slightly by diffusion. 
Allard also allowed the chamber to return slowly to 
its equilibrium pressure and temperature after the 3 second 
constant relative humidity period. He observed that the 
critical supersaturation needed for recondensation on these 
nuclei did not seem to be altered appreciably by waiting 
intervals up to 30 minutes. The drop density did decrease 
With time. indicating a gradual diffusion to the walls or 
settling of the particles due to gravity. 
5 
1-J.J. Dawbarn's Experiments. The work on re-
evaporation nuclei continued in this laboratory with Dawbarn6 
per~orming experiments which yielded some quantitative 
in~ormation. In Dawbarn's experiments drops were produced 
by a pulse o~ homogeneous nucleation at a temperature near 
-5 °C. A ~ast compression then raised the temperature to 
73 °C and a 6.6% relative humidity. The chamber was brought 
back gradually to the pre-expansion condition at 20 °c. A 
subsequent search expansion made two minutes later revealed 
that the re-evaporation nuclei were apparently 100% e~~ective 
as centers ~or recondensation at a supersaturation o~ 1.7. 
No return was obtained at a supersaturation o~ 1.4. When 
Kelvin's equation was employed as a means o~ determining the 
radius o~ the nuclei, a value o~ 22 A was obtained. 
1-).4. Memory E~fect. The so-called "memory 
e~~ect" may be the same phenomenon observed in re-eva.poration 
nuclei experiments. Indeed the phenomenon may exist ~or a 
phase transition. Gourley and Crozier? report a significant 
experiment on the evaporation rate o~ submicroscopic ice 
crystals. Their ice crystals, formed by spontaneous subli-
mation in nuclei-~ree air, were suspended in a strongly 
dessicated atmosphere ~ar longer than necessary for their 
complete evaporation. These workers allowed the crystals to 
become invisible. However, they reported that after a period 
of three hours, introduction o~ a state o~ supersaturation 
reactivated the original ice crystals. Workman8 proposed 
that these nuclei may be highly bonded cells of ice and 
might play an important role in meteorological phenomena. 
6 
Other related observations include those of Rodenbush9 
and La Mer.10 La Mer points out that many investigators have 
noted that a melt, which has once been crystallized and 
reheated, will recrystallize more easily. Rodenbush notes 
that in the process of recondensation of bubbles, bubbles 
small enough to escape observation persist in the liquid. 
The presence of the invisible bubbles noticeably affect the 
properties of the liquid. 
None of these observations have been satisfactorily 
explained, nor has a really satisfactory method been devised 
for studying these phenomena. 
1-3·5· Submicron Drop Behavior. The preceding 
discussion relates directly to submicroscopic entities. 
However, there are a number of papers reporting evaporation 
behavior for drops down to about 0.1 microns. Fuchs11 
reviews a number of these experiments and notes that as 
drops approach 0.1 micron most workers report a decrease in 
the evaporation rate. A factor of 10 deviation from the 
rate predicted by theory was not uncommon. 
1-4. Experimental Evaporation Investigations. 
Significant reviews on evaporation are given by Knacke and 
Stranski12 (1956), Fuchs1 J (1959), and Courtney14 (1961). 
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Space does not allow detailed descriptions of these investi-
gations, but several experiments pe~tinent to droplet 
evaporation will be discussed. 
1-4.1. Low Vapor Pressure Substances. Most work 
-
with low vapor pressure substances is accomplished at near 
vacuum pressures. Evaporation of a drop may be observed 
with the drop resting on a plane solid surface, suspended on 
a thread of some sort, or simpl~ allowed to fall through the 
observation area. The means o£ measuring the evaporation 
rate vary widely. For drops at rest a ~icrobalance is 
generally employed to measure the rate of change of mass. 
For drops in motion a typ1c-l ~ethod is that o£ 
Knudsen. 1 5 A pipette containing ~e~cury at room temperature 
injected drops into a vacuum at A given rate. These drops 
were collected in a container i~ersed in liquid air. By 
measuring the condensate on the -alls, quantitative infor-
mation was obtained. In this experiment the drops fell to 
the bottom of the container and Simply froze there. 
Knudsen's work was also of theoretical importance because he 
introduced the evaporation coefficient dC. He demonstrated 
that surface contaminated merc~y could have an evaporation 
rate 10-3 lower than that o£ pure mercury. 
1-4.2. High Vapor Pressure Substance. Evaporation 
rates for high vapor pressure ~ops are generally measured 
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in atmospheres with ~inite vapor pressures. For example, 
relative humidity for water may be obtained by dissolving a 
solute in water and allowing equilibrium saturation to be 
reached. Drops may then be suspended on something or dropped 
through the resulting constant relative humidity atmosphere. 
Probably the most relevant technique, as far as this work is 
concerned, is the Millikan oil drop type technique. This 
technique employs the Millikan oil drop method of suspending 
charged drops in an electric ~ield under controlled vapor 
pressure conditions. The radii o~ these drops are calculated 
from viscosity considerations and observed fall rates under 
the force of gravity. The lower practical limit for measuring 
radii, employing this technique, is about 0.2 microns. The 
limitation is due to Brownian motion and the Cunningham 
correction ractor, both of which are discussed in later 
chapters. 
Even though there is much evidence indicating very 
slow evaporation rates for submicroscopic droplets, there 
appears to be no actual data which allow a comparison with 
evaporation theory. 
1-5· Scope of the Investigation. The objects of this 
investigation are to develop one or more techniques for 
observing the evaporation rates of submicroscopic droplets, 
and to develop the theory necessary to analyze the experi-
mental data. 
CHAPTE..'i II 
THE THEORY OF EVAPORATION OF SMALL DROPLETS 
The production of re-evaporation nuclei or droplet 
residues is obviously the result of the incomplete evapo-
ration of macroscopic droplets. It is accordingly necessary 
to consider carefully the theory of evaporation of small 
droplets, looking for mechanisms which might explain the 
observed tendency toward stabilization of the droplets at 
low relative humidities. The theoretical formulation per-
tains primarily to the experimental results obtained in this 
work, but it is general enough to have a much wider range of 
application. 
2-1. Discussion of the Experiment. In the Wilson cloud 
chamber a state of supersaturation or of low relative humidity 
is obtained by rapidly expanding or compressing a carrier 
gas initially saturated with water vapor. Since the con-
duction of heat from the walls quickly renders the volume 
non-adiabatic, precision measurements must be made fairly 
quickly after the initial expansion or compression takes 
place. At the center of the chamber adiabatic conditions 
prevail for about one second.16 
In this work droplets are formed by expanding a clean 
ion free chamber to produce large supersaturations so that 
homogeneous nucleation takes place. The droplets thus formed 
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are uncharged and rree of all particulate impurities. The 
drops contain only those impurities which may be acquired 
during a short residence time in the chamber atmosphere 
which contains relatively pure helium and water vapor. 
After the formation of the droplets the chamber under-
goes a large compression which evaporates the droplets. The 
droplets are believed to attain a size of about 15 microns 
with a small spread in size due to their somewhat different 
birth times. 1 7 The chamber remains at a constant low relative 
humidity for varying lengths of time. The different times 
provide a means of measuring the rate of evaporation of sub-
microscopic droplets. The following theory is developed in 
an effort to account for the evaporation properties of these 
droplets. 
2-2. Mathematical Model for Droplet Evaporation. Let 
us consider a spherical water drop at rest with its center 
at the origin of a spherical coordinate system. If the 
water vapor pressure surrounding the drop is larger than the 
equilibrium vapor pressure of the drop, condensation and 
growth occur. If the surrounding vapor pressure is smaller 
than the equilibrium vapor pressure of the drop, evaporation 
occurs. Hence, for a non-equilibrium condition water vapor 




where n(R) is the molecular density of water at a distance 
R from the orig1 n, t 1s time, \7 is the Laplacian operator, 
and D is the diffusion constant. Since heat transfer 
accompanies the mass transfer, the heat diffusion equation 
must also be applied. 
(2-2) 
where T is the temperature and k is the thermal diffusiv1ty. 
Conservation of mass yields the rate of change of mass 
of the droplet 
dM dT- (2-J) 
where M is the mass of the drops, m is the mas8 of a -ater 
molecule and r is the radiU8 of the drop. 
The analogous heat equation in terms of the rate of 
mass transfer is 
LdM dt - (2-4) 
where L is the latent heat per unit mass, fL is the density 
of the drop, Cw is the 8pecific heat of the drop, ~1s the 
surface tension, and K is the thermal conductivity K = k v C , g g 
where 1/. is the gas density and g 
of the gas. 
Cg 1S the specifiC heat 
12 
For macroscopic drops the solution of Eqs. (2-1) through 
(2-4) with proper boundary conditions would seem to constitute 
a proper analysis of the droplet growth and evaporation 
problem. However, there are already assumptions involved, 
and the specification of "proper boundary conditions" leads 
to further complications. 
Among the factors neglected above is diffusion within 
the drop. The drop is assumed to remain at constant temper-
ature throughout. This is justified because we are dealing 
with drops from the critical cluster size of about 10 A up 
to lO's of microns. We have also neglected the heat and mass 
transfer of any impurity atoms contained in the drop. This 
is justified on the basis that there are on1y a small number 
of foreign molecules in the drop. For example, the non-
condensible gas used in this experiment is helium which 
dissolves in bulk water to yield an equilibrium concen-
tration of about 0.8% by volume. Helium is likely to be 
the most abundant impurity present in the droplet initially. 
This yields a typical molecular density on the order of 
2.4 x 101 7 molecules/em) compared with a molecular density 
of J x 1022 molecules/em) for water. This is a ratio of 
about 1:105. We will also neglect the effect of temperature 
gradient on mass diffusion and the effect of vapor density 
gradient on thermal diffusion.18 Heat transfer via radi-
ation has also been neglected. It is ordinarily of interest 
13 
only where heat transfer by other means is small, such as 
encountered in some experiments conducted at very low 
pressures. 
The specification of proper boundary conditions has 
been considered by a number of workers. Frisch and Co11ins1 9 
discuss them in detail offering a mathematical proof that 
Fick's law (diffusion) is approximately valid, even when the 
radius of the drop is smaller than the mean-free-path of the 
vapor molecules, provided a modified boundary condition is 
used. Reiss and La Mer20 consider the motion of the droplet 
boundary with time. carstens, 21 Kirklady, 22 and Luchak and 
Langstroth2J also consider the moving boundary problem. 
Kirklady, and Luchak and Langstroth demonstrate that the 
generally accepted quasi-stationary diffusion theory for 
spherical drops leads fortuitously to the correct growth law. 
Also, Carstens concludes that quasi-steady-state methods 
yield the correct rates of growth for droplets, but the 
long range vapor and temperature gradients are incorrect 
unless a finite outer boundary is imposed. In this case 
the latter is of little importance and an infinite outer 
boundary produces a negligible error. 
Assuming the validity of the quasi-steady-state 





Equations (2-3) and (2-4) are used to introduce the time 
variation. 
For initial conditions n = n 0 at R = ~ and n = ~ · 
at R = r, the solution of (2-5) is 
14 
n (R) [ ( -n r - "- o) r /R J + 'l o (2-7) 
Here, the justification for using the infinite boundary, 
condition is based upon the fact that on the average the 
distance between drops in the cloud chamber is very large 
and very much greater than the radius of the drops. This 
assumption excludes any effects that adjacent drops exert 
on one another and must be justified independently for each 
experimental situation. 
The solution of Eq. (2-6) follows the same line of 
reasoning yielding 
T (2-8) 
for boundary conditions T = Tr at R = r and T = T0 at R = ~. 
Substituting M = PL 4 1frJ /J and n(R) from Eq. (2-7) 




dt - ('to - Ylr) . (2-9) 
Making analog ous substitutions into Eq. (2-4) yields 
L fi_ 4?tr:Q..dr 
-
-4-n-r~ K (To-Tr)/r dt 
+ 4-rrr
3 C,_., "dTr= 87fa--r dr 
-3- ,PL dt + dt 
or 
r dr K (Tr-To) +Cwr~dTr+ ~a- dr dt Lft_ 3L ~ i Lf{ dt . 
Assuming the perfect gas law relationship p = nkT, 
where k is Boltzmann's constant and p is the pressure, 
Eq. (2-9) becomes 
y- d r == 
d-1:. 
Upon rearranging, the following is obtained 
(2-10) 
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But, P0 = n 0 kT0 and n0 m = fv• where Pv is the water vapor 
density at a large distance from the drop so that 
dr 
I dt 
1-'r (To /Tr) ] 
1'o 
( 2-11) 
At this point it would be well to mention the effect of 
considering the drop to be at rest with regard to the 
surrounding medium. It is intuitively obvious that any 
motion would tend to disrupt the spherical diffusion 
balance. The correction factor24 •25• 26 • 27 for treating 
motion is generally introduced as a product term in Eqs. 
(2-10) and (2-11). For small drops, however, the factor 
approaches one and will be neglected in this work. 
Now, following Fletcher~8 the Clausius Claperyon 
relation dp/dT = L/TV and the perfect gas law in the form 
V = R T/:r-1 p are combined to yield the effect o'f temperature 
0 0 
on saturated vapor pressure, 
h L Mo dT 
--p Ro Tz ., 
or 
~[ 1' O<J ( 0- ) J L Mo (i- ~) (2-12) 1'- (To) Ro 
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where p~(Tr) is the saturated vapor pressure over a plane 
surrace at temperature Tr' p~(T0 ) is the saturated vapor 
pressure over a plane surrace at temperature T , M is the 
0 0 
gram-molecular weight or water, R is the gas constant in 
0 
units or ergs/gm-mole-°K, and L is the latent heat in ergs 
per gm. 
The theory regarding the erfect of curvature or the 
drop and the errect of solute in it is developed in 
Chapter III. The resulting approximate equation takes the 
rorm 
'i'rs (Tr) 
~00 (T; ) + 
b 
r3 (2-1)) 
where p~(Tr) is the equilibrium vapor pressure or water 
over a flat surface at the temperature Tr' Prs<Tr) is the 
equilibrium vapor pressure over the drop at temperature Tr' 
11a 11 is a constant related to curvature and 11b" is a constant 
related to solute in the drop. 
At this point the author's development deviates some-
what from that employed by others working in the atmospheric 
science area. In general, these workers do not have to 
consider rapid changes in temperature and pressure. Hence, 
several simplifying assumptions are made. In Eq. (2-11) 
the temperature ratio T0 /Tr is generally regarded as unity. 
Equation (2-12) is generally approximated by using two terms 
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of an infinite series, and the term T T is represented by 
r o 
2 T0 • In combining phese equations other simplifications are 
customarily employed with regard to vapor pressure. 
The standard boundary condition employed for pure water 
drops and solute drops considers the vapor pressure at the 
drop surface to be the saturated equilibrium vapor pressure 
Prs(Tr) for a curved surface at temperature Tr. This allows 
the substitution of pr8 (Tr) in Eq. (2-13) for Pr in Eq. (2-11). 
When surface effects are appreciable it is no longer 
permissible to use the boundary condition mentioned above 
because the equilibrium vapor pressure exerted by the drop 
is no longer characterized by the vapor pressure assumed in 
Eq. (2-lJ). A1so, this formulation does not afford a means 
of representing the surface effects. Both of these de-
ficiencies may be remedied by employing kinetic considerations. 
Assume a flat surface of liquid in equilibrium with its 
own vapor at the same temperature. If this partial pressure 
is designated by p~, the number of molecules striking one 




where n is the number of molecules per cubic centimeter of 
the vapor and v is the average velocity of these molecules 
obtained assuming Boltzmann's statistics. From elementary 
19 
kinetic theory, v is 
;:.1r. """"""V 2.. e -~~T d-v 
1r 0 1~11~ "" ...,_, ""- cl11 e -.:1.-f<T 
0 
(2-15) 




Obviously, ~or equilibrium to exist the number of molecules 
that stick to the sur~aoe must just equal the number that 
are evaporated per second. The ~raction o~ the molecules 
striking the sur~ace that stick is called the accommodation 
coe~ficient "'-. 
To illustrate the role that ~must play in evaporation 
consider the following example. Assume that the number of 
molecules striking the surface per cm2 per second is N1 and 
DC= 0.01 which means that 1% or the molecules stick and 
99% rebound elastically. How is it known that the 99% of 
molecules that rebound are not really just evaporated from 
the liquid sur~ace making the true value of oC= 1? This 
question answers itsel~ when a non-equilibrium case is 
considered. Assume that the pressure above the liquid is 
reduced to zero by a vacuum pump. Then N1 = 0 and no 
molecules stick to the sur~ace. However, ~rom equilibrium 
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considerations ~N1 must leave. For our case the 0.01 N1 
evaporation rate would be measured and would be easily 
distinguished ~om the rate N1 • 
Thus, the net outward ~lux ~rom a liquid sur~ace with 
a vapor pressure p different than p~ would be the resultant 
o~ the flux due to condensation minus the ~lux due to 
evaporation, or mathematically 
( 2-17) 
If p < p~, evaporation occurs, and if p > p~, condensation 
occurs. 
Applying this equation to the drop evaporation problem, 
p becomes pr(Tr)' the actual vapor partial pressure at the 
sur~ace of the drop assuming the temperature of the drop, 
Tr' to exist in the vapor at R = r. Also, p~ is the 
equilibrium or saturated vapor pressure Prs<Tr) which 
includes effects such as curvature and solutes. 
This equation, which must hold rigorously for any 
macroscopic system, may be introduced through the flux 
equation for an evaporating drop. Hence, 
dM 
dt (2-18) 
where m is the mass of a water molecule and M = pL 4 'Tlr3 
.3 
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the mass or tbe ~~te~ drop. Also, m may be written M /N 0 0 
where M0 is tbe b~ber or grams per gram-mole and N0 is 
Avagadro•s n~be~ (~olecules per gm-mole). Equation (2-18) 
becomes 
dr 
dT' ( 2-19) 
Equating the fl~es of Eqs. (2-17) and (2-19) one obtains 
or 
where 
Now substituting £q. (2-lJ) into Eq. (2-21), Pr(Tr) is 
given by 





Also, substituting Eq. (2-12) into Eq. (2-22), our equation 
becomes 
which in turn is substituted into Eq. (2-11) to yield 
(2-24) 
[ I _ ~ (1 + a. b ) LfVlo ~ I I )] TrS r- r 3 et(p R. (T .. - Tr 
where the ratio p0 (T0 )/p~(T0 ) has been replaced by the 
symbol S which is the ramiliar supersaturation ratio as 
measured in the cloud chamber ror large distances rrom any 
drops. 
Equation (2-24) and Eq. (2-10) must be solved simul-
taneously to obtain the evaporation rate of a small station-
ary d.rop. For the purpose of analyzing the dynamic cloud 
chamber cycle discussed in this work, both the calculations 
performed on the computer and the actual experimental results 
justify neglecting the last two terms of Eq. (2-10). There-
fore, this equation is simply rewritten as 
rs!s -dt 
K 
Lfi. (T;.- To). (2-25) 
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The inclusion of the kinetic flux restriction serves an 
additional purpose in amending the equations governed 
exclusively by diffusion. For very small drops the non-
amended equations predict an evaporation rate larger than 
that possible in a vacuum. Thus, Eqs. (2-24) and (2-25) are 
applicable throughout the entire range of conditions. 
2-J. Mean-Free-Path Considerations. With the exceptions 
noted in section 2-2, Eqs. (2-24) and (2-25) hold rigorously 
for macroscopic drops. However, as the drop dimensions 
approach the mean-free-path length of both the carrier gas 
molecules and the water vapor molecules, a further refine-
ment becomes necessary. This is the so-called "surface 
concentration change" discussed by Fuchs.3° The author 
feels that this merits detailed discussion. 
This correction is based upon a postulated rapid change 
in vapor concentration31 at the drop surface, analogous to 
the well-known change in temperature and tangential velocity. 
Fuchs quotes both theoretica132 and experimental)) veri-
fication of a temperature gradient near the surface which is 
greater than that predicted by the heat conductivity equation. 
This larger gradient is postulated to exist over the distance 
of about one mean-free-path length of the gas molecules as 
measured normal to the drop surface. This postulate is based 
upon the reasoning that molecular interaction begins to occur 
one mean-free-path length away from the surface, on the 
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average, ror molecules leaving the surface. Based upon 
this assumption, the boundary which must be used for the 
diffusion equations is r +~rather than r. The assignment 
of the mean-free-path length for 6appears to be somewhat 
arbitrary, but there appears to be little evidence that a 
better criterion exists. Inclusion or this boundary 
condition into Eqs. (2-24) and (2-25) results in the 
replacement or the r dr terms on the lert side of the IT 
equations by r 2 dr terms. 
r+6 dt 
Monchik and Reiss34 developed an approximate evapo-
ration formulation for drops based upon kinetic theory, but 
it retained a diffusion term even under non-diffusion con-
ditions. Frisch and Collins35 formulated a more elaborate 
theory related to~. However, Fuchs criticizes the 
equations upon which they begin their development. 
Actually, the crux of the matter is not that of choosing 
a correct value for 6 , but, rather, it is a proper theo-
retical treatment which predicts correctly the temperature 
and vapor density gradients at the drop surrace. It is 
easily seen that introducing the boundary at r +6 does not 
solve this problem, because to do so correctly one must 
assign a temperature Td to the drop while keeping the 
temperature Tr at r +6 . Now one must replace dTr in 
dt 
Eq. (2-10) with dTd and one must replace Pr8 (Tr) by 
dt 
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Prs(Td) in Eq. (2-21). These corrections introduce an 
additional variable without introducing another independent 
equation. 
Bagge, Becker and Bekow36 recognized this fault in 
their own and other theories, but they declined the task of 
correcting it. It very much appears as though the history 
of the evolution of evaporation calculations caused the 
attention of workers to be focused away from the heart of 
the problem. This becomes apparent as one traces the theory. 
It was almost the middle of this century before workers 
began to include, with any care, the heat transfer)? as a 
major part of the problem. Hence, investigative energy was 
channeled toward a postulated density gradient that was 
inferred by analogy to the temperature distribution. 
It is the feeling of this writer that a theoretical 
investigation directed toward obtaining an analytical 
expression relating the temperature at a liquid (or solid) 
boundary to that of the gas phase a distance6 away from 
the boundary would possibly help to clarify the problem. 
If such an expression exists, it should be possible to 
ascertain whether or not a similar expression can be 
inferred for the concentration gradient at the surface. 
However, the scope of any investigation must be limited 
by practical considerations. With some reluctance the 
resolution of this problem will be relegated to the future. 
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Perhaps some consolation can be drawn from the hope that the 
main problem has been, indeed, more clearly defined by the 
above discussion. 
2-4. Kinetic Considerations for Submicroscopic Droplets. 
To conclude the discussion of this portion of the theory it is 
desirable to examine the kinetic region more closely under the 
assumptions that Td# Tr and Tr = T0 • Let us postulate a some-
what different model of evaporation in this region. Let us 
assume that (1) diffusion is no longer a factor, (2) the 
kinetic energy of the drop is characteristic of the temper-
ature of the medium, T0 , and (J) the drop temperature, Td' is 
different from that of the surroundings. It will be shown 
that significant conclusions are possible when the experi-
mental values of r and dr/dt are imposed upon this model. 
Let Q be the heat energy per unit time supplied by the g 
gas molecules. The mean chance of collision per unit time 
of the drop with the gas molecules is given by 
(2-26) 
where 1/g is the molecular density of the gas, s12 is the 
collision radius rdrop + rg' and mg is the mass of the gas 
molecule. This expression is based upon assumption (2) 
above, as well as the assumption of spherical drop and 
molecule, and a Maxwellian velocity distribution.J8 
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Even for small drops the effect of M can be neglected 
and Q may be written g 
Qd- = (2-27) 
where ..0.. is the thermal accommodation coefficient similar to 
DZ• Omega is defined as the ratio of the average energy per 
gas molecule imparted to the drop upon collision to the 
energy i k(T0 - Td). 
Another term Qw exists due to the presence of water 
molecules. but 1/w <.<~ for our experimental conditions and 
the difference in mass of the two molecules also reduces 
the magnitude of Qw• It will. therefore, be neglected. 
The energy equation is 
8.,.,...o-- r dr + L 47rrc.// clr- = o 
'I dt L cJ t (2-28) 
where Q is a source term due to gas bombardment, the second g 
term is a source term for extraction of heat from the drop, 
the third term is a source term due to recovery of energy 
used to form the surface of the drop, and the remaining term 
is a sink term representing the energy necessary to evaporate 
the molecules and raise them to a temperature T0 • 
Now consider the portion of the cycle where pressure, 
temperature, and relative humidity are constant. If the 
experimental values o~ r and dr/dt are substituted into 
Eq. (2-28), neglecting the term o~~ta1n1ng r3 ~d , 
dt 
28 
ld= To+ (2-29) 
Using the quantities: 
T0 = 355·5 °K 
L = 2.351 x 1010 ergs/gm 
f'L = 1 gm/cm3 
~ = 66 dynes/em or ergs/cmz 
k = 1.38 x lo-16 ergs/°K 
mg = 4 X 1.66 x lo-24 gm 
r = 10-6 em 
dr = -0.644 X 10-6 em/sec 
dt 
..n_= 1 
= -2_ = 0.463 x 1020 mole~~les/cmJ 
kT0 
-6 
= rd = 10 em 
Td = 335·5° - 19.0 X 10-B -~X 19-! ~ 3J5·5° 
4.ol ~-- :to-J-
Quite clearly this model rep~esents a non-stationary 
drop in what must be very nearl~ tts true k1~et1c situation. 
The implications o~ Td = T0 will be discussed 1n Chapter VI 
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in connection with the following; 
Consider the kinetic flux theory where diffusion is no 
longer a factor. In this case the molecular flux (molecules 
per square em per second) due to vapor pressure of the drop 
minus the flux due to vapor of the surroundings is equal to 
the net outward flux. This is 
[ -'foo (Jd) ( / + c:: ) -ldYz I 
where all quantities have been previously defined. For 
p 0 (T0 ) corresponding to a 1?.?% relative humidity, c<= 1, 
(1 + a/r) equal to 1.00, and all other values corresponding 
to the calculations of the previous page, a trial and error 
solution for the value of Td leads to a value of 301 °K for 
Eq. (2-JO) to be balanced. 
The theory and formulations of this chapter will be 
employed throughout the remainder of this paper. 
CHAPTER III 
THE THEORY OF SIZE DETERMINATION BY 
SUPERSATURATION MEASUREMENTS 
The experiments described in this paper are unique in 
that the drops are actua1ly evaporated into the one hundred 
angstrom region in a noncondensible gas at pressures above 
atmosphere pressure. Previous drop1et evaporation experi-
ments appearing in the literature seemed to have been 
restricted to visible sizes. 
The price to be paid for any indirect measurement is, 
of course, interpretation through a function which does 
allow some form ot observation. It follows that a rather 
exact knowledge of the parameters invo1ved in the function 
must be known. The following paragraphs are devoted to an 
examination of the underlying principles involving the 
interpretation of supersaturation measurements. 
J-1. The Kelvin Equation. To lay a proper foundation 
for the discussion of the Kelvin equation a short discussion 
of nucleation theory is in order. Homogeneous nucleation 
may be defined as the spontaneous establishment of clusters 
of vapor molecules due to statistical fluctuations of the 
vapor density in a supersaturated atmosphere. Condensation 
and growth generally follow. Heterogeneous nucleation is 
distinguished by the existence of a physical entity upon 
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which nucleation and growth occur, generally at much lower 
supersaturations than that necessary for homogeneous 
nucleation. Nucleation on the small re-evaporation nuclei 
is a form of heterogeneous nucleation. 
Now, a water drop consists of water molecules bound by 
the attractive forces of their respective nearest neighbors. 
The molecules at the surface, however, experience an un-
balanced force toward the center of the drop as their 
nearest neighbors on the outside are missing. This leads to 
the familiar minimization of surface area which results in 
the droplet assuming its spherical shape. When molecules 
are added to the droplet, work must be accomplished in 
expanding the surface. This work is the surface free energy. 
Now consider a pure water embryo to exist at some 
instant of time. The expression for its free energy 1s 
where nL is the molecular density of the water, (;UL -~v> 
represents the energy difference between a water molecule in 
the bulk liquid state and the pure vapor state, ~LV is the 
surface free energy of the liquid-vapor interface, A is the 
area of the embryonic drop and V is its volume. 
Replacing the term in the parenthesis by its thermo-
dynamic equivalent and writing A and V in terms of the radius 
of the drop, the Kelvin equation is then obtained by setting 




This equation is also called the Thomson or Gibbs-Thomson 
equation. 
The above maximization of t6. G resulted in a relation-
ship between the so-called critical radius r* and the vapor 
pressure p. Hence, for a value of r = r* the embryonic drop 
is in equilibrium with the vapor at the pressure p. Since 
this is an unstable point, a simple physical interpretation 
exists. Given a vapor pressure p surrounding the drop, a 
drop of radius r < r* would tend to evaporate while for a 
value r > r* it would tend to grow. 
An equivalent manner of interpreting the equation is to 
determine what supersaturation must exist for a drop of 
radius r such that it will grow freely. Any supersaturation 
greater than the critical value, 
s*= flL ~ T I (3-3) 
Will satisfy the condition for free growth. 
Thus, if one postulates the existence of a stable water 
drop of radius r in a cloud chamber, the magnitude of r may 
be determined by increasing the supersaturation until the 
critical value has been surpassed. By determining the 
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critical supersaturation. the original value of r is deter-
mined. This simple model neglects the effect of small 
statistical fluctuations in size due to the molecular nature 
of the process. For drops larger than about 50 A, however, 
these fluctuations are of no practical consequence. 
Since the Kelvin equation gives the equilibrium vapor 
pressure for a drop of radius r. it is incorporated into the 
vapor pressure theory of Chapter II as the effect of curv-
ature. Figure (3-1) illustrates the critical supersaturation 
for any given drop radius. The curve applies for a temper-
ature of 23 °C and a surface tension of 72.3 dynes/em. 
J-2. Effect of Ions. There are other effects that may 
be incorporated into the Kelvin equation. These effects come 
about through a change in free energy of the drop. For 
example. if nucleation occurs on an ion. Kelvin's equation 
assumes the formJ9 
11L~Tr (J-4) 
where Q is the charge and € is the relative dielectric 
constant. White40 has proposed an additional term of the 
form Qx where x = effective dipole moment per unit volume. 
Er2 nL 
Note that Q is sign dependent in this addition. 
The ion effect was not included in the theory of 









































Drop Radius (em) 
Crit ical Supersaturation Ratio for Nucleation 
upon Water Drops as Determined from the Kelvin 
Equation forT= 2J°C and o- = 72.3 dynes/em. 
Figure .3-1 
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chamber by a high electric field before nucleation occurred. 
J-J. Effect of Soluble Impurities. There is another 
correction to the Kelvin equation which is of interest 
because it leads to stabilization of the drops during the 
evaporation portion of the cycle. This correction is due to 
the fact that the vapor pressure over an aqueous solution is 
less than that over pure water. 
The ratio or the vapor pressure p, over a plane surface 
of a solution containing a mole fraction f of water, to the 
vapor pressure p of pure water is given by Raoult's law as 
(after Fletcher) 41 
p/p = f 
the mole fraction calculated must include the Van't Hoff 
factor i, which accounts for the dissociation of inorganic 
salts. 
Now if m is the mass of a substance or gram-molecular 
weight M dissolved in water of gram-molecular weight M0 , f 
is given by 
S= (J-5) 
where p'is the density of the drop of radius r. 
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Combining this equation with Eq. (.3-.3) yields 
(.3-6) 
where the primes represent the slight alteration due to the 
solute. For dilute solutions we may write 
or 
I + a_ r 
{.3-7) 
{.3-8) 
A detailed discussion of the assumptions and approxi-
mations made above may be found in a book by Dufour and 
Defay. 42 They also show that nonsoluble particles present 
do not affect the vapor pressure. They also discuss effect 
of curvature on latent heat and surface tension. 
Now assuming pure water drops of radius r to be present 
in the cloud chamber, Eq. (.3-7) predicts the supersaturation 
s = p/p at which free growth will occur. If the drops 
()0 
contain a solute, the value of r at which the drop is un-
stable is obtained from the approximate Eq. (.3-8) as 
(r*) 2 = Jb/a by differentiating with respect to r and 
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s etting equal to zero. This yields 
s* (3-9) 
'I'he critical supersaturation S * is plotted in Fig. (3-2) 
for Eq. (3-9). It appears as the dotted curve. The solid 
curves represent the variation of equilibrium radii with 
supersaturation for a constant amount of solute in the drop 
as given by Eq. (3-8). 
3-4. Surface Effect on Nucleation. The preceding 
sections assumed that the surface of the drop under consider-
ation was partially or totally that of pure water. However, 
for the case where the surface is not water, the means by 
which a water molecule becomes attached to the drop is of 
great importance in determining the supersaturation at which 
the drop will grow freely. 
Volmer4J developed a modification of the original 
Volmer-Weber nucleation theory to include the effect of 
nucleation on a plane surface. As the water attaches to the 
surface, it is assumed to form a spherical cap where the 
surface of the cap meets the plane with a contact angle e. 
The contact angle e depends upon the surface free energ ies 
through the relation 
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where the subscripts 1, 2, and 3, refer to the vapor, liquid 
water, and surface of the drop, respectively. 
The critical radius of the spherical cap is the same as 
that given by Eq. (3-2). Volmer's development results in a 
critical free energy 
* 6G= 
3 I G 7L Of z 5 c~) ( 3-11) 
where the coefficient of f(m) is the same result obtained 
for a pure water drop and the factor f(m) is 
~ (-;-n) = (3-12) 
Fletcher44, 4 5· 46 further refined this theory to include 
the nucleation of the spherical cap upon a spherical surface. 
His results lead to the replacement of f(m) by f(m, x) where 
s ("'1, -x) = 
The factor g is defined as 
~ 





x = r/r* (3-15) 
where r is the radius of the sphere upon which the cap 
resides, and r * is the critical radius of the spherical cap 
given by Eq. (3-2). 
From nucleation theory 
(3-16) 
where J is the nucleation rate per particle per second. 
The coefficient of the exponential term is somewhat i n 
question, but it may vary by several orders of magnitude 
without appreciably affecting the results considered here. 
Assuming a value of J = 1, Fletcher obtains a relation-
s hip between supersaturation f(m, x) and r. It is 
F or values typical of this experiment, ~= 72 and 
T = 296 ° K, this equation reduces to 




If m is known from the surface free energies, and s is known 
from experiment, a corresponding value of r can be obtained 
by successive approximations. 
Although there is evidence to indicate the validity of 
Fletcher's formulation, 47 it has not been fully verified by 
experiment. 
A portion of the theory presented in this chapter is 
incorporated into the theory of Chapter II. The primary 
importance of this theory, however, is its relevance to the 
interpretation of supersaturation measurements discussed in 
Chapter VI. The two following chapters introduce the theory 
relevant to measurements which do not involve the super-
saturation ratio. 
CHAPTER I V 
DETERMINATION OF PARTICLE SIZE BY 
DIFFUSION TO THE CHAMBER WALLS 
It would be very desirable to provide a measurement of 
particle size which is independent of the supersaturation 
theory described in the previous chapter. Since the evapo-
rated droplets are subject to Brownian motion and are likely 
to stick to the walls of the chamber upon collision, dif-
fusion theory can be used to describe the population of re-
evaporation nuclei with time after their formation. Such an 
experiment would be subject to the assumption that the 
~tic1es maintain a fixed size throughout long waiting 
~eriods under ambient conditions. 
4-1. The Particle Diffusion Experiment. As has already 
Jeen mentioned, previous work in this laboratory indicates 
;hat it is possible to generate re-evaporation nuclei which 
~re nearly monodisperse with respect to size. This is 
lCcomplished by (a) forming drops homogeneously with an 
~xpansion, (b) evaporating them by compressing the chamber 
Lnd holding it in a low relative humidity condition for 
~everal seconds, and then (c) slowly returning the chamber 
;o an ambient temperature and pressure. 
With the completion of the above cycle, turbulence, 
~onvection currents, and temperature gradients are assumed 
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to die out in about 20 seconds leaving a uniform distribution 
of re-evaporation nuclei throughout the chamber. These 
assumptions are based upon the observations of PackWood. 48 
Now as time progresses the density of nuclei in the 
chamber decreases. At any given time the density may be 
determined by expanding the chamber and condensing upon the 
re-evaporation nuclei, which may then be photographed upon 
reaching visible size. The density at any time may be 
compared with that at time zero, which may be somewhat arbi-
trarily selected as 30 seconds after completion of the 
dynamic cycle. 
The density at zero time can be determined from a 
photograph of the drops generated by the forming pulse. The 
zero time density is the forming pul~e density times a cor-
rection factor for the drops swept out by the piston motion. 
The theory necessary to account for piston motion is de-
veloped in Appendix II. 
The end re~ult of this experiment is a graph of re-
evaporation nuclei density versus time. The experimental 
data is then compared to the theory developed in the next 
section to determine the size of the nuclei. It should be 
noted, that the magnitude of the supersaturation employed to 
grow the drops to photographable size, has no bearing on the 
size determination. It is only necessary that the super-
saturation be of sufficient magnitude to cau~e condensation 
on all of the nuclei present. 
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4-2. Particle Di~fusion Theory. The theory necessary to 
determine the size of re-evaporation nuclei ~rom experimental 
data depends upon the mechanisms governing the decrease in 
density o~ these submicroscopic droplets. There is little 
doubt that thermal forces. electrical forces. and radiation 
~orces are either nonexistent or small. Also. gravitational 
forces can be shown to be small for drops of radii less than 
100 A (see section 4-J). Therefore, it will be assumed that 
particle diffusion theory alone governs the density of the 
re-evaporation nuclei. 
Further. it will be assumed that the re-evaporation 
nuclei maintain a ~ixed size after time zero. It will also 
be assumed that all nuclei will stick to the wall of the 
chamber upon collision. This latter assumption is based 
upon the relatively slow velocity of the nuclei, coupled 
with the existence o~ the strong molecular forces present at 
the point of contact. Perhaps it is worth mentioning that the 
effect which greatly reduces coalescence of drops of a few 
microns radius in the atmosphere is not a factor here. 
Coalescence of larger falling drops is reduced by the air-
flow cushion enveloping the drop. For very small droplets 
the cushion does not exist because of the slip effect 
discussed in Chapter v. At any rate, the assumption of 
unity sticking probability for the droplets must remain 
subject to verification. 
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The theory applicable to this problem is that of the 
diffusion of one gas through another. The re-evaporation 
nuclei constitute one species of the gas, and the carrier 
gas, helium in this case, constitutes the other. 
The diffusion equation is 
(4-1) 
where o12 is the diffusion constant of the re-evaporation 
nuclei gas through the carrier gas and 1 is the number 
density of the re-evaporation nucleus gas. 
The geometry is cylindrical, conforming to the di-
mensions of the cloud chamber shown in Fig. (4-1). The 
height between the water level and top glass is denoted by 
h, and the distance ~om the center of the chamber to the 
glass walls is denoted as r 0 • 
Now the boundary conditions compatible with the 
assumptions already discussed are 
1/1 (~. z, r, t) = 0 for z = 0; z = h; and r = r 
1/1 (~. z, r, o) =% for 0 < z < h and r < ro • 
Since there is symmetry with respect to ~. the density 
0 
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(4-2) 
!n this equation J 0 is the zero order Bessel function, J 1 
ls the first order Bessel function, and Ai are the roots of 
tne zero order Bessel function. 
If the height h is small compared with r 0 , it is 
possible, as a first approximation, to neglect the change in 
JV1 due to nuclei striking the side walls. For this 
condition the second bracket of Eq. (4-2) becomes unity 
and the constant coefficient is halved to become 4 i/0/~ • 
By observing the density~1 at the center of the chamber 
(r = o, z = h/2) as a function of time, it is possible to 
find n12 by comparing curves of constant n12 with the experi-
mental curves. It is then possible to find the radii of the 
nuclei from Eq. (I-1). In Eq. (I-1) let the subscript 1 
refer to the re-evaporation nuclei and the subscript 2 refer 
to the carrier gas. In this instance v1 <<1/2 and m2 << m1 • 
The ratio of -tJ1 ; .y2 is of the order of lo-21 while the ratio 
-4 
of m2;m1 is on the order of 10 • Also, the factor oe 12 
approaches 1/J for difference of mass of this order of 





where r 1 is the desired radius of the re-evaporation nuclei 
and r 2 is the radius of the carrier gas molecule. 
It should be noted that the assumption of fixed size for 
the re-evaporation nuclei can be checked by finding the 
critical supersaturation for the droplets as a function of 
time. If the critical supersaturation remains constant with 
time, then the drop ~ize must remain constant also. Allard's 
previously mentioned experiments support the fixed size 
assumption. 
4-J. The Effect of Gravity. In the foregoing analysis 
of particle diffusion theory the effect of gravity was 
neglected. Since some diffusion experiments may last nearly 
an hour, the effect of gravity must be definitely established. 
The fundamental relationships involved in this analysis begin 
with Newton's second law 
Ivi du = Mg - wg - 6 1r r ?L Cu 
dt 
(4-4) 
where M is the mass of the drop, m'the mass of displaced gas, 
r is the radius of the drop, ~is the viscosity, C is the 
slip correction factor discussed in Chapter V, u is the 
velocity of the drop and t is time. 
For steady fall rate du = 0 and 
dt 
u = X = 2gK ( f - p') r 2 
t 9 '1 
(4-5) 
where f is the density of water and p'that of the carrier 
gas. Neglecting p'and denoting G = 2gf' Eq. (4-5) becomes 
9'0 
u = X = GCr2 (4-6) 
t 
As can be seen from Eq. (5-J) in Chapter V the constant C 
is a function of r. The constant C increases as r decreases. 
However, it does not over-ride the effects or r 2 in 
Eq. (4-6). Hence, at about 10-5 em radius, drop motion is 
essentially negligible. For a radius or one micron about 
half the drops fall out during an elapsed time of 15 minutes. 
The picture becomes a bit more complicated if the drops 
have a very large spread in size. More sophisticated sta-
tistical means or interpreting the effects of gravity are 
treated by orr and Da11a va11e49 and Herdan.5° However, 
the basic procedure involves the application of the above 
equations to determine a size distribution F(r). If the 
1n1tia1 density distribution is assumed uniform, as is very 
nearly the case in these cloud chamber experiments, the 
concentration ¢(x, t) at a distance x from the top of the 
cloud chamber at any time t is 




-rhere C is the initial concentration of drops. The above 0 
~elationships assume no interaction between droplets. This 
~ssumption is valid for the low concentrations of droplets 
~sed in these experiments. The condition of the radii not 
lhanging with time is also implied. 
The experimental results related to the theory of this 
lhapter are found in Chapter VII. 
CHAPTER V 
THE THEORY OF SIZE DETERMINATION 
BY MOBILITY MEASUREMENTS 
A third possible means of determining the size of sub-
microscopic droplets is independent of supersaturation 
interpretations (Chapter III) and does not require an in-
terpretation through a complicated mathematical expression 
(Chapter IV). This method is based upon the motion of a 
charged re-evaporation nucleus in a uniform electric field 
and becomes feasible because of a large correction factor to 
the Stokes law term in the force equation. 
5-l. The Mobility Experiment. A narrow beam of low 
'nergy x-rays is passed through the chamber immediately 
)rior to expansion of the chamber. Condensation of droplets 
LS restricted to taking place on ions so that a narrow beam 
>f predominantly singly charged ions is obtained. These 
Lroplets are then evaporated by compressing the chamber. 
~he chamber is held at constant low relative humidity for a 
'raotion of a second. During the constant relative humidity 
>eriod a transverse electric field is applied. and the 
tobility of the charged re-evaporation nuclei is obtained 
·rom the mean displacement of the ions of each sign. The 
.isplacement is obtained by comparing photographs taken on 
he forming pulse with photographs taken on a second 
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expansion initiated at the end of the electric field pulse. 
The actual experiment is quite sophisticated. but the 
essential idea is simple. 
5-2. Mobility Theory. Neglecting the force of gravity. 
which is perpendicular to both the electric force and the 
ion beam. the applicable force equation is 
qE - ,.«. dx 
/ dt 
(5-1) 
where M is the mass of the invisible drop. q is the charge 
on the drop. E is the electric field intensity. x is the 
displacement. t is time. and the Stokes law constant/ is 
equal to 6 -n- ryt_. The radius of the drop is r and 'l.. is the 
viscosity constant. 
If one assumes zero initial displacement and velocity. 
the solution to Eq. (5-l) is 
x = -MgE [ 1 - exp(-_~Lt/M)] + qEt 
_;«2 ~ 
(5-2) 
For the value of constants considered in this work only the 
last term is of any consequence. This can be seen by taking 
the ratio of the coefficient of the bracket to that of t. 
The result is 2r2?/9~. where p is the density of the drop 
with a value of approximately unity. 
Unfortunately. equation (5-2) does not agree well 
with experimental results when the radius of the drop is 
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smaller than ~. the mean free path of the carrier gas 
molecules. 
Apparently the first correction for this region was 
made by Cunningham. 4 9 His original correction was of the 
form 1 + (A A/r) where A is a constant assuming values 
between 0.815 and 1.6J. Later Zerner5° linked this constant 
to the elasticity of impacts and suggested values between 
1.40 and 1.575. 
Finally, Davies51 in a careful assessment of previous 
experimental data, performed a least squares curve fit to 
deduce the empirical equation 
C = 1 +A [1.257 + 0.400 exp(-1.10 r/A)] 
r 
(5-J) 
for the correction factor for spherical particles in air. 
This particular form of the slip correction factor is 
apparently due to Knudsen and Weber.52 A more convenient 
form of Eq. (5-J) in terms of pressure as the variable was 
formulated by Davies as 
c = 1 + 10-4 [6.)2 + 2.01 exp(-2190 pr)] 
pr 
(5-4) 
where p is given in em of Hg and r in em. This form of the 
correction factor is particularly well suited to cloud 
chamber work because it is the pressure of the cloud chamber 
which is monitored very accurately. If the transient term 
in Eq. (5-4) is neglected, Eq. (5-2) becomes simply 
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(5-5) 
In a typical experiment in the cloud chamber t is 
limited to about 0.4 seconds maximum and E to about 165 
volts per em maximum. Larger fields produce extraneous 
effects which obscure the desired phenomena. For drops of 
radii of the order of 20 to 50 l the correction factor would 
be of the order of 100 to 150 depending upon the pressure, 
and q = 1.6 X 10-l9 coulombs. Using t = 0.4, E = 150, 
r = 3 X 10-7, c = 125 and 7= 6 -rr- r It = 61r(J X 10-7) 
(2 X 10-4 ) yields a displacement of about 10 em compared to 
less than 0.1 em for an uncorrected calculation. (Note 
there is a factor of 108 in the numerator of Eq. (5-5) which 
takes into account the mixed set of units given in this 
example). Without the Davies correction factor it is obvious 
that a mobility experiment would not be feasible. 
It should be noted that the rough calculation performed 
above neglected drag due to the presence of the water vapor 
molecules. However, it can easily be included as an 
additional force term -Mdx on the right side of Eq. (5-l) 
/ dt 
with the value of~appropriate to the water vapor. 
There is another possible correction to the correction 
factor which is of interest, particularly from the theo-
retical viewpoint. This further refinement is due to the 
scattering coefficient f. Millikan5J,54 who spent many 
years investigating this subject, gives an alternate form 
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of the correction factor as 
1 + 0.7004 (2 - 1) ~ 
f :r 
(5-6) 
where f is defined as the fraction of all molecules that 
are diffusely reflected from the surface of the sphere. 
Hence, (1 - f) would be the fraction reflected specularly 
(elastically). Millikan's values of f for an oil drop in 
air (f : 0.895) and an oil drop in helium (f = 0.87) differ 
by a very small amount. However, he contends that this 
factor is a very real quantity which depends upon the 
constituents involved, as well as the surface properties 
of the drop. For example, he cites an f = 1 for an air-
mercury drop interface. 
Millikan's equation is more solidly based upon theory, 
perhaps, than the empirical equation. However, Millikan's 
techniques did not allow for the separate determination of 
the term in brackets in Eq. (5-J) and the value of f in his 
equation. Therefore, when one varies, the other must assume 
a value which causes the correction factors to be identical. 
The significance of this formulation lies in the close 
resemblance between the evaporation coefficient , the 
scattering coefficient f, and the thermal accommodation 
coefficient,__("")__. 
All three of the above coefficients are involved in the 
theory of a small evaporating drop. Paul55 points out the 
similarities between these coefficients and notes that there 
appear to have been no attempts to establish a connection 
between them even though they all seem to depend upon the 
question of how many molecules striking the surface become 
temporarily a part of the surface before again leaving it. 
The significance, in relation to this work, of some of the 
facets brought out in the foregoing paragraphs is discussed 
elsewhere in this thesis. 
CHAPTER VI 
DETERMINATION OF EVAPORATIO N RATES FOR SMALL 
DROPLETS BY SUPERSATURATION MEASUREMENTS 
In this experiment a cloud of droplets is produced by 
homogeneous nucleation. The cloud is evaporated by a fast 
compression which yields low values of relative humidity. 
The low relative humidity can be maintained constant for 
fixed periods of time up to several seconds. A second fast 
expansion is used to reactivate the drops at any time during 
the evaporation process. The size of the drops is calculated 
from the supersaturation theory in Chapter III and is compared 
to the evaporation theory developed in Chapter II. 
6-1. The Evaporation Experiment. The automatic cloud 
chamber was programmed as shown in Fig. (6-1). The data 
necessary to reproduce this cloud chamber cycle is shown in 
Table (6-1). Records of the actual experiment are filed in 
this laboratory. The cycle may be described in the following 
manner 
(A) Ready Position. The chamber starts out at an 
equilibrium temperature of about 2).5° and at a pressure of 
about 118 em Hg. These values fluctuate slightly, but an 
accuracy of about 0.1 °K was maintained while the pressure 
was measured with an accuracy of about one mm of Hg. The 
pressure was recorded on a light beam oscillograph utilizing 
A 
A. Ready position 
B. Drop forming expansion 
c. Hold expansion 
D. Compression to evaporate 
E. Hold compression 
F. Search expansion 
G. Hold and grow 







Carrier gas - Helium 
Water level - 1/8 in. below bottom of glass cylinder with 
chamber fully expanded 
Total height of sensitive volume - 7.5 in. 
Water - Run through ion-exchange, Putnam black dye added 
Lights -Two, narrow beam; 2250 volts D.C., 120 f applied 
to flash tube 
Clearing field - 1000 volts applied to metal ring, liquid 
grounded 
Helium pressure - 150 psig. (Kholsman gage) with chamber 
fully expanded 
Ready position pressure - 118 em Hg. 
Chamber water temperature - 23 °C 







Hold and Grow 
Camera Clutch A 
Camera Clutch B 
Bias Ready 
Bias Expansion #1 
Bias Compression 
Bias Search 


















Start of G 












Valve "A 11 opening- Near maximum (air pressure 68 psig.) 
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a course trace for diagnostic purposes. A sensitive trace 
was achieved by using an improved version of the automatic 
bias module first employed by Allard56 and described by 
PackWood.57 
(B) Drop Forming Expansion. Thi~ expansion is 
initiated by automatically opening a large valve connected 
to an evacuated tank. The duration time is of the order of 
magnitude of 0.15 ~econds. Near the end of this expansion 
the high voltage clearing field is switched 11off 11 • Its 
function is that of keeping the chamber swept free of ions 
produced by co~mic radiation and natural radioactivity. 
Also, near the end of this period the sensitive trace with 
an appropriate bias voltage i~ switched 11on" to accurately 
record the pressure throughout the "forming pulse" denoted 
by C in Fig. (6-1). 
(C) Hold Expansion. In this region homogeneous 
nucleation and growth occurs. The hold time is about 0.05 
seconds. The camera clutch is engaged and the first picture 
is taken about the time this period ends. The ~ensitive 
trace with its accompanying bias voltage are switched "off 11 
just past the end of this period. 
(D) Compre~sion to Evaporate. A valve opens 
injecting air from a 68 psi supply into the lower chamber 
cavity. The remaining three photographs of the first movie 
61 
sequence are taken by the time the pressure crosses the 
equilibrium pressure line. At approximately the cross-over 
point growth ceases and evaporation begins. The overall 
compression time duration ranges from O.J to 0.45 seconds. 
As the pressure approaches closely its maximum value the 
sensitive pressure trace is reactivated with a different 
bias voltage. 
(E) Hold Compression. In this region the com-
pression is held constant with the aid of a small-orfice 
compression valve. The duration is variable. Near the 
end of this low relative humidity period the sensitive 
trace and its bias are switched ''off"· 
(F) Search Expansion. This expansion is similar 
to the forming expansion, but ceases shortly after crossing 
the equilibrium pressure line. The amount it crosses this 
line determines the supersaturation. Near the peak of the 
expansion the sensitive trace with an appropriate bias is 
switched "on". 
(G) Hold and Grow. During this portion of the 
cycle, reactivation and growth occurs upon the re-evaporation 
nuclei providing the s upersaturation exceeds the critical 
supersaturation necessary for a given residual drop radius 
as predicted by supersaturation theory. The camera clutch 
is a gain activated and a series of three or four photographs 
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is taken. At the end of this period the recorder sensitive 
trace is switched "off". 
The shape of a representative pressure cycle beginning 
at the commencement of the compression is shown in Fig. (6-2). 
6-2. Experimental Data. The experimental data are shown 
in Tables (6-2) and (6-J). Some of the calculated results 
are also shown in these tables. The calculated results will 
be discussed in the next section. 
The data in Table (6-2) were gathered at a time t = 0.57 
seconds from the commencement of the compression. This 
corresponds to a period of about 0.12 seconds at a constant 
relative humidity of 17.7%• 
The data in Table (6-J) were gathered at a time t = 0.88 
seconds from the commencement of the compression. This 
corresponds to a period of about 0.42 seconds at a constant 
relative humidity of 17.7%• 
The percent return column of figures were obtained by 
simply counting the drop density on the search expansion and 
comparing it with drop density on the forming expansion. 
Pressure values were obtained from a calibration chart 
accurate to ±o.5 mm of Hg. 
6-2.1. Discussion of Accuracy. 
(a) Temperature Gradients. In this experiment 
it was found that the effect of horizontal temperature 
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Temp. Ready Calc. 
Center Pos. Search Kel v1n Eq. 
of Pres. Pres. Calc. Drop 
Chamber em Hg. em Hg. s Radius 
oc A 
23.9 118.2 116.3 1.096 112 
23.5 118.2 117.7 1.023 460 
22.3 118.1 114.4 1.12_2_ 86 
23.6 118.1 11 s.3 1.144 79 
23.8 118.1 115.0 1.158 73 
23.9 118.2 11S.4 1.14 81 
23_. 87 118.3 117.1 1.053 200 
2J.4 118.2 116.5 1.083 130 
23.38 118.0 114.9 1.1 s 77 
23.8 118.1 116.2 1.087 125 
2J.9 118.1 117.2 1.0_18 290 
23~'1- ~ L___118.4 115.4 l.lL,-6 78 
Table 6-2 
Experimental Data for Time t = 0.57 Seconds 
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Pos. Search Kelvin Eq. 
Pres. Pres. Calc. Drop 
em Hg. em Hg. s Radius 
A 
117~·9 116.7 1.056 200 
117.9 115.2 1.137 83 
117.9 115.0 1.139 82 
117.9 115.3 1.125 90 
117.9 116.3 1.074 148 
118.9 116.6 1.061 180 
118.0 116.1 1.091 112 
118.1 115.3 1.146 79 
118.1 115.2 1.149 77 
118.1 116.1 1.096 112 
117.9 114.3 1.122 _92 
118.5 115._5_ 1.156 75 




Experimental Data tor Time t = 0.88 Seconds 






















pictures taken during the cycle. In this experiment, where 
a small difference in supersaturation is very critical in 
producing or not producing drops, photographed drop densities 
varied from one side of the chamber to the other. If it is 
assumed that the horizontal gradient resulted in a temperatur 
error of 0.2 °C, an error in drop radius of about 18% would 
be possible if the Kelvin equation were used to calculate 
the radius. Steps have since been taken to eliminate any 
horizontal temperature gradients. 
The vertical temperature gradient is purposely main-
tained at about 1 °c in order to keep the top glass of the 
chamber free of condensate which obscures photography. How-
ever, the large heat exchanges between the walls and the gas 
peculiar to this experiment, coupled with an "on-off" top 
glass heat regulator caused the vertical temperature gradient 
0 to fluctuate between 0.75 and 1.9 c. This made it harder 
to estimate the correct temperature in the center of the 
chamber. It is felt that the total error in calculated drop 
radius due to these temperature errors might be as high as 
JO% in some cases. A more sophisticated top glass heater 
has since been installed on the chamber. 
(b) Drop Counting Error. The error in 
counting drop densities is a function of the number of drops 
counted. On the forming pulse counts were as large as 900 
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while for the search pulse drop counts as low as twenty were 
encountered. It is estimated that a 4% error would be 
representative of the larger count, while a 25% error would 
be representative of the ~maller count. 
(c) Other Errors. Because small errors occur 
in the repeatability of opening and closing air valves, the 
depth of compression varied somewhat. Hence, a given data 
point may have been representative of a 14% relative humidit; 
instead of the median value of 17.7% assumed for all points. 
It was not convenient to eliminate this discrepancy in the 
analysis so it appears as an error of from 0 to 5% in the 
evaporation rate. Other errors such as pressure error due 
to system noise are thought to be negligible compared to 
the errors already discussed. 
6-J. Analysis and Discussion of Data. As has already 
been discussed in Chapter III, the analysis of data by 
supersaturation techniques depends upon the parameters 
involved. The data will be analyzed in terms of the 
mechanisms causing the diminishing evaporation rates. 
6-).1. Kelvin Eguat1on Interpretation of Data. 
The calculation of droplet radii through the use of the 
Kelvin equation is based upon the assumption that the surfac• 
of the droplet is composed of pure water or reacts as if it 
were composed of pure water. As a first approximation, 
then. the Kelvin equation should provide very useful 
information concerning this experiment. 
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An accurate facsimile of Fig. (J-1) was employed to 
find the radii listed in column 6 of Table (6-2) and (6-J). 
Supersaturation was calculated using a standard method58 
employed in this laboratory. 
The results are plotted in Fig. (6-J) as percent return 
versus radius of the drop for the two times at which the 
search pulse was initiated. The line with circled points 
represents a search time at 0.57 seconds after commencement 
of the compression and the other line represents a search 
time at 0.88 seconds. This latter time approaches the 
maximum time for which the center of the chamber remains 
adiabatic. Both the supersaturation and relative humidity 
calculations depend upon the chamber behaving essentially 
adiabatically. 
The data in Fig. (6-J) may be interpreted in the 
following manner. The distribution of radii for a given 
time represents an actual size distribution for the droplet 
radii which results from different birth times during the 
forming pulse.59 Differentation of the straight line yields 
a number density versus radius curve with a flat top and with 
sharp cutoffs. A more realistic bell-shaped distribution 
would have been obtained if a slightly concave curve was 
fitted to the points rather than the straight line. 
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The decrease in the spread of the radii with time would 
appear to indicate that as the evaporation rate approaches 
zero the distribution in droplet size becomes very small. 
If it is assumed that mean values of radius of 112 A 
and 91 A are representative of the data points, the mean 
-8 6 -8 evaporation rate would be 21 x 10 /0.31 = 7-7 x 10 
em/sec. 
These data also imply that the evaporation rate is 
decreasing with time. This conclusion is drawn from the fact 
that the larger droplets have encountered a radius change of 
about 40 A while the smaller drops have encountered less than 
10 A change in the same time interval. 
6-3.2. Soluble Impurity Interpretation. As shown 
in Chapter III the presence of soluble impurities in the drop 
becomes quite large at very small radii. These impurities 
also affect the interpretation of size of the particles as a 
function of supersaturation. This may be seen from Fig. 
(3-2). Choosing a median supersaturation value of 1.096 to 
represent the t = 0.57 curve, the critical radius corre-
. 
sponding to the dotted curve in Fig. (3-2) is about 70 A 
compared to 112 A predicted from the Kelvin equation. A 
supersaturation of 1.123 for the t • 0.88 curve would yield 
a predicted radius near 60 A. The predicted rate of change 
of radius would be about half that predicted by the Kelvin 
equation. 
?1 
6-3.3. Surface Impurity Interpretation. When 
surface impurities are present the critical parameter becomes 
the value of the contact angle as discussed in Chapter III. 
Taking the supersaturations quoted in the previous section 
as representative of the two experimental times, it is 
possible to calculate the median radii ~or a given value of 
contact angle. For a value or m • 0.95 a trial and error 
solution o~ Eq. (3-18) yields a radius of 218 A for S = 1.096 
and a radius or 380 i for S = 1.123. The significance of the 
wide range of calculated radii is discussed in the next 
section where they are compared to theoretical calculations. 
6-3.4. Experimental and Theoretical Comparison. 
Equations (2-24) and (2-25) were programmed on a digital 
computer with the "constants" discussed in Appendix I 
included as variables. When it was assumed that the drops 
were pure water drops, the computed time for complete evapo-
ration of the drop was about 0.37 seconds from the commence-
aent of the compression. This behavior is illustrated in 
Fig. (6-4). Figure (6-4) also illustrates supersaturation, 
chamber temperature, and drop temperature as a function of 
time. 
As was noted in Chapter II Eqs. (2-24) and (2-25) are 
applicable to growth as well as evaporation. Since time has 
been marked from the time of opening of the compression 
valve, supersaturation is greater than one for about 0.15 
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seconds and growth occurs during this period. Lund and 
Rivers60 have recently analyzed the growth problem. The 
initial drop radius chosen here agrees closely with thei~ 
results. 
Quite obviously the assumption of a pure water drop is 
not compatible with experimental results. Let us then 
hypothesize that the existence of re-evaporation nuclei is 
due solely to soluble impurities within the drop. This 
corresponds to assigning a finite value tobin Eq. (2-24). 
With this alteration in theory the computer values or s, r, 
Tr' and T0 were identical to those illustrated in Fig. (6-J). 
with the exception that when the vapor pressure of the d~op 
reached equilibrium with the surrounding medium, evapor~tion 
ceased. Thus, the theory predicts no evaporation whatsoever 
during the constant relative humidity period. Ag~in this is 
not in agreement with the experimental observations. Of 
course, the possibility does exist that the soluble impu~ity 
has a large enough vapor pressure of its own so as to allow 
a continual change in the concentration within the drop. 
Let us now hypothesize that surface impurities alone 
explain the slow evaporation rates. Surface impurities ente~ 
the theory of Chapter II through the evaporation constant ~ . 
Ordinarily~ is considered to be a constant. However, that 
assumption is not at all compatible with the physical manner 
in which a s urface contaminated drop evaporates . 
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Assume that insoluble surface active molecules strike 
and stick to the surface of the drop. At low concentrations 
they have little effect on evaporation. 61 However, as the 
drop evaporates the impurities concentrate in the surface 
until they completely cover the surface. When complete 
coverage occurs the monolayer encounters a squeezing effect 
due to shrinkage of the surface area. La Mer62 shows that 
increasing this lateral pressure greatly decreases the 
evaporation rate. He ascribed this effect to the "evaporatio 
retarding molecules" squeezing "evaporation aiding molecules" 
out of the surface film. As the area decreases the film is 
hypothesized to grow thicker. 
In view of the above facts, as a first approximation, 
the evaporation constant is assumed to vary directly with 
2 the area or o< =oC1 jr • It was assumed that oe was the 
maximum possible value of unity until it reached a value of 
r 1 , at which value o<:.. decreased directly in a continuous 
manner as the radius changed. A digital computer was 
employed to compute several curves for various values of r 1 
and oe1 j. They are illustrated in Fig. (6-5). 
Since there is no information available on the type of 
impurity that might be present on the drop, there is no 
means of calculating the contact angle so that Fletcher's 
heterogeneous nucleation theory can be applied to find a 
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of Fig. (6-5). However. the values cited earlier in this 
section for m = 0.95 fall very close to the curve 
oe12 = 0. 644 x 106 and r 1 = l<;f<· 
6-3.5. Kinetic Model Interpretation. There is ye1 
another possible explanation for the observed small evapo-
ration rate. This explanation is related to the kinetic 
model of evaporation which was discussed briefly near the 
end of Chapter II. In a sample calculation it was shown 
that for oC= 1 and no solute present. conservation of energ~ 
led to a predicted drop temperature the same as that of the 
surroundings. This was the same result obtained from Eqs. 
(2-24) and (2-25) for drops smaller than about one micron. 
However. when Eq. (2-30) was tested to determine what drop 
temperature corresponded to the observed radius and rate of 
change of radius. the predicted drop temperature was 301 °K. 
The only means of attaining such a low value was to assume a 
very small value for the thermal accommodation coefficientc 
If _o_ in Eq. ( 2-29) is allowed to vary so as to yield a 
drop temperature of 301 °K, the value which n must assume 
6 -5 ld is 0.13 x 10 • To justify such a low value wou require 
an extremely small energy interchange in the gas molecule-
droplet collisions. There appears to be little evidence to 
support this supposition. 
6-4. Conclusions. It is concluded that the droplets 
formed homogeneously in the cloud chamber cannot be pure 
water drops. 
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A comparison of theory based upon a sur~ace retarding 
e~~ect proportional to the area o~ the drop compares ~avor­
ably with values o~ radiu~ obtained from Fletcher's hetero-
geneous nucleation theory for a contact angle correspondine 
to m = 0.95. 
The standard soluble impurity theory does not compare 
well with experiment. However, it is possible that a model 
which postulates an appreciable vapor pressure ~or the 
impurity could account for the experimental ob~ervations. 
The possibility that both types of impurity ef~ects ar 
present cannot be excluded. I~ both effect~ are present it 
appears likely that sur~ace ef~ects predominantly in~luence 
the rate o~ evaporation and the soluble impurities pre-
dominantly influence the stable size of the drop. 
CHAP!'ER VI I 
EXPERI MENTAL RESULTS - DIFFUSION EXPERII'1ENT 
This experiment was a natural follow-up to Dawbarn's 
work. Dawbarn's cloud chamber cycle was similar to that 
shown in Fig. (6-1) with the compression held for several 
seconds and the search expansion replaced by a two to 
three minute slow expansion back to the ready position. 
From the ready position a short expansion was performed 
and the critical supersaturation determined. From the 
supersaturation a radius was found from Kelvin's equation. 
More than a year ago the author repeated Dawbarn's 
cycle, but instead of an immediate expansion, the chamber 
was held at the ready position for various intervals of 
time and an expansion was performed that would bring back 
all nuclei present. For a given relative humidity a 
family of points was taken representing the number of 
nuclei present in the chamber as time progressed. This 
series of experiments, taken over a three month period, 
included several hold compressions representing several 
values of relative humidities. The theory of Chapter I V 
was to be used to find the drop size by diffusion theory 
which is completely independent of the Kelvin equation. 
All pertinent data were written on the light sensi-
tive recorder paper containing the pressure trace of 
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the cycle. At the end of the series of tests before the 
data was analyzed, the recorder paper was run through a 
developing process to prevent the records from blackening 
with time. Unfortunately, this process very effectively 
erased the penciled notes that had been written on each 
trace. No attempt was made to analyze these data because 
of the missing information. Because of the pressing need 
of other researchers, the cloud chamber employed was dis-
assembled and replaced by a follow-up model. It was assumed 
that the experiments could be repeated at a later date. 
Later attempts to repeat these experiments failed. 
With the newer cloud chamber it was found that on the slow 
expansion back to the ready position, a sufficient super-
saturation to nucleate on some of the drops always occurred. 
Some portion of the drops always became visible but again 
disappeared at the equilibrium pressure. This complex 
behavior was unexpected at the time, but can now be partially 
explained. 
During the compression the chamber atmosphere may be 
50 °C hotter than the walls of the chamber. Therefore, heat 
flows out resulting in peripheral cooling of the volume of 
gas in the chamber. As the chamber is returned to its 
original pressure, the cooler areas of the chamber reach a 
much higher supersaturation than the central observed part 
of the chamber. In other words, the supersaturation is 
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quite inhomogeneous in these long drawn-out excursions. 
The reason that this effect was not observed in 
Dawbarn's work and the author's preceding experiments was 
probably due to the vast difference in water levels employed. 
In the original work the water level was very high corre-
sponding to a sensitive volume of small height, whereas, in 
the more recent work a low water level was used corresponding 
to a large sensitive volume height. Sensitive volume height 
greatly affects the degree of turbulence in the chamber 
yielding maximum turbulence for large heights, and approach-
ing zero turbulence for very small heights. It is very 
probable that in the earlier work turbulence was negligible 
and the slow expansion resulted in the colder gas remaining 
close to the walls. 
At any rate, the mechanisms involved in this experiment 
are much more complex than originally envisioned. Although 
it should be capable of yielding additional information, 
quantitative analysis may prove to be rather difficult. 
CHAPTER VI I I 
THE DETERMINATION OF DROPLET SIZE 
BY MOBILITY MEASUREMENTS 
The mobility experiment was designed as an independent 
technique for determining droplet size in the submicroscopic 
range. Although the theory necessary for its interpretation 
is much simpler than that of the previous two methods. this 
method required quite sophisticated experimental techniques. 
8-1. The Mobility Experiment. The cloud chamber cycle 
for the mobility experiment is very similar to that employed 
in the supersaturation measurements experiment. The cloud 
chamber cycle is similar to Fig. (6-1) with four notable 
differences. These differences are: (a) the forming ex-
pansion is slightly smaller. (b) the search expansion is 
larger. (c) a beam of ions is inserted with an x-ray machine. 
and (d) an electric field is applied during the low relative 
humidity period. 
Table (6-1) is applicable to this experiment as is the 
detailed description given in paragraph 6-1 with the ex-
ceptions and additions listed below. 
(A) Ready Position. No change. 
(B) Drop Forming Expansion. In this case the 
expansion is large enough to cause condensation on ions but 
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not large enough to cause homogeneous nucleation. Near the 
end of the expansion a narrow beam of low energy x-rays is 
passed horizontally through the cloud chamber resulting in a 
narrow beam of predominantly singly charged ions. 
(C) Hold Expansion. During this period nucleation 
and growth occur selectively on the ions present. Therefore 
the photographs taken during the forming pulse show only a 
narrow beam of droplets. 
(D) Compression to Evaporate. No change. 
(E) Hold Compression. The droplets are assumed to 
reach a very small size during this period. The predomi-
nantly singly charged drops are subjected to a high trans-
verse electric field which should result in a displacement 
of the negatively charged drops in one direction and the 
positively charged drops in the other. The length of time 
the field is applied is electronically controlled. 
(F) Search Expansion. Here the expansion is 
simply large enough to insure that nucleation occurs on all 
drops present. The magnitude of the supersaturation attaine< 
has no bearing on the analysis. 
(G) Hold and Grow. During this period the drops 
grow to visible size and are photographed. If the displace-
ment is sufficient, two beams of drops should appear on 
either side of the position of the original beam. 
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The alterations to Table {6-1) include the replacement 
of the narrow beam flash lamps with wide beam flash lamps 
and the replacement of the metal clearing field ring with a 
plastic ring fitted with the wire cage used to produce the 
horizontal uniform electric field. Minor changes in function 
times occur also. The wide beam flash lamps are necessary 
because the beam of drops must be photographed at two 
different levels. 
8-2. Analysis and Discussion of the Experiment. The 
additional equipment necessary to run the mobility experiment 
was constructed and the experiment was performed. However. 
no displacement of the droplet beam was observed. 
There are a number of possible reasons for this null 
result. Before discussing these possibilities, however, 
the physical limitations of the altered cloud chamber must 
be discussed. First of all, the minimum relative humidity 
obtainable was about 40%. This limitation resulted from 
the limit on piston motion due to the presence of the wire 
cage which provided the transverse electric field. When 
the water level approached to within about 5/8" of the cage 
an electrical spraying type corona discharge occurred. 
Hence. for higher fields a larger gap was necessary. It was 
also found that for field strengths exceeding about 170 v/cm 
similar corona type discharge began to occur from imper-
fections on the wires. 
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With these limitations in mind let us discuss the 
situation where soluble impurities are assumed to cause the 
re-evaporation nuclei phenomena. From Fig. (J-2) it is 
apparent that the equilibrium drop radius for a relative 
humidity of 40 or 50% is not very different from that at 
15 to 20%. It would be expected that the drop radius would 
be less than 100 A for this case to correlate with the 
supersaturation measurements. 
The slip correction factor for a drop of this size is 
appreciable, and a displacement should have been observed. 
Possible reasons why no displacement was observed include: 
(a) the soluble impurity assumption is not valid and the 
drops are much larger than 100 A, (b) the charge detached 
itself from the droplet before displacement occurred, or 
(c) the negative and positive ions succeeded in recombining 
with one another before the field was activated. 
The latter possibility was eliminated in an independent 
experiment described in Chapter I X. Concerning the 
possibility of loss of the charge, several observations are 
worth comment. First of all, in the Millikan oil drop 
experiment it is observed that the drops occasionally lose 
their charge. It apparently has not been determined whether 
the loss is spontaneous in some cases or due altogether to 
neutralization by ions resulting from cosmic rays and natural 
background radioactivity. At any rate, a direct comparison 
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cannot be made because the drops considered here are several 
orders of magnitude smaller than those employed in the oil 
drop experiment. 
A second factor that may be significant in the possible 
loss of charge is the very high evaporation rate initially 
encountered. Although it would appear that the lowest 
energy position for the charge would be in the center of the 
drop, it may be that it drifts about and moves into the 
surface and is caught up in the evaporating molecules. 
Now consider the case of surface impurities. It was 
shown in the analysis of the supersaturation experiment that 
a drop radius of several hundred angstroms was compatible 
With the theory. Also, in the case of surface impurities 
the higher relative humidity would cause a lower evaporation 
rate resulting in larger drops than calculated for the super-
saturation experiment. If it is assumed that the drops 
actually are several hundred angstroms in size, the cor-
rection factor used in the mobility theory approaches unity 
and the displacement approaches zero. Due to the "fuzziness" 
of the x-ray beam a 0.2 em displacement would probably not be 
detectable. 
8-J. Conclusions. The null results obtained in the 
mobility experiment indicate that (a) the droplet radius 
remains too large to be detected by this method of 
86 
measurement or (b) essentially all of the droplets lose thei~ 
charge in a period of less than one second. 
CHAPI'ER I X 
EXPERI MENTAL RESULTS - ION LIFETIME Ai\TD DIFFUSION EXPERH 1ENT 
Because o~ the null results obtained with the drop 
mobility experiment, it was decided that in~ormation 
concerning ion lifetime and ion diffusion rate was desirable. 
In particular it was desirable to test the assumption that 
the drops ~ormed on x-ray produced ions were not neutralized 
by their own opposite ions or ions of background radio-
activity and cosmic rays. 
To this end the ~ollowing experiment was per~ormed. 
An x-ray pulse o~ 0.09 seconds duration was passed through 
the chamber at a re~erence time zero while the chamber was 
quiescent at its known starting temperature and pressure. 
At a later time t, an expansion was performed giVing a 
supersaturation suf~icient to cause condensation and 
growth on ions but which did not allow homogeneous 
nucleation. As the times were varied, the high voltage 
clearing ~ield, which sweeps out any ions, was always turned 
off a ~ew hundredths of a second before turning on the x-ray 
machine. The diffuse x-ray beam was photographed when the 
drops became visible. By varying t, in intervals up to one 
second, it was possible to determine whether or not the ions 
were being neutralized and, also, to obtain a rough estimate 
of their diffusion rate. 
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The photographic a nd light sensitive recorder records 
of this run are on file in the cloud chamber laboratory. 
The photographs revealed that little or no neutral-
ization of the ions occurred over the one second i n terval 
tested. 
With regard to diffusion, the data plotted in Fig . 
(9-l) were obtained in the following manner. With the 
voltag es employed the x-ray pulses produced small nearly 
cylindrical clouds of ions. The diameters of the most 
symmetrical of these clouds were measured in blown-up 
photographs. The value r in Fig. (9-1) represents the 
root-mean-square radius of the measured cylindrical clouds. 
The time t represents the time measured from the beg inning 
of the x-ray pulse until the expansion reached its maximum 
value. 
If one assumes that there is no interaction between 
ions and that the concentration gradient has little effect, 
the Einstein-Smoluchowski63 equation 
can be applied to interpret the experimental results. The 
above equation for the root-mean-square displacement (r2 )~ 
has been corrected for slip by the constant C (see Eq. 5-4). 
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angstrom for the radius of the ion. This means the calcu-
lation is not accurate since the correction factor c has 
been verified only down to about 20 angstroms. 
However, this experiment clearly serves the purpose for 
which it was designed. In addition, it may be of use to 
other researchers who desire information on the lifetime and 
diffusion of these charged particles in the presence of 
their own oppositely charged ions under near atmospher1c 
conditions. It is thought that these charged particles have 
attached themselves to water molecules or even small clusters 
of molecules. Hence, proper analysis of this experiment 
would require (or provide) information concerning the 
collision-cross-section64 of these small clusters. 
Filmed as received 
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The null result of the mobility experiment was quite 
unexpected as preliminary calculations, based upon the 
Kelvin equation determination of size, indicated that 
measurable displacements should have been observed under 
the conditions of the experiment. Therefore, this result 
lends support to the viewpoint that sizes calculated from 
the Kelvin equation are much too small. Although the null 
result of the mobility experiment could be ascribed to the 
drops losing their charge, a follow-up experiment revealed 
that recombination of charges of unlike sign did not occur 
in the time intervals employed here. Spontaneous loss of 
the charge would appear to be extremely unlikely. 
If one accepts the viewpoint that surface effects 
control the evaporation rate as postulated in the theory 
developed in this work, then the results of this investi-
gation lead to a qualitative confirmation of Fletcher's 
heterog eneous nucleation theory which postulates the 
development of spherical water caps, with finite contact 
angles, upon the nucleus. Fletcher's theory predicts 
residue drop sizes several times larger than those pre-
dicted by the Kelvin equation. This is consistent with 
the null result of the mobility experiment. Fletcher' s 
theory is also quite compatible with the evidence that the 
surface of the drop is composed of an insoluble substance. 
Concerning evaporation rates, it may be stated that 
regardless of which interpretation is considered in 
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analyzing the measured supersaturation data, the rate of 
evaporation does not agree by several orders of magnitude 
with typical published rates for drops in the 0.1 micron 
range. Bradley65 predicted just such a behavior in 1955 
by showing that the effect of insoluble monolayers is much 
more pronounced on droplets as compared to plane surfaces. 
In this investigation techniques have been developed 
for observing evaporation of droplets whose radii are 
orders of magnitude smaller than those previously reported. 
When one reviews the new evidence revealed by this 
investigation in terms of the theory presented, the need 
for further work becomes apparent. There are two very 
important aspects of this problem that must be resolved 
before more definite conclusions can be reached. A more 
definite knowledge of the impurities causing the low 
evaporation rates is needed and an independent measurement 
of drop size such as that originally planned with the 
mobility experiment is badly needed. The resolution of 
these two problems should lead to a correct formulation 
for the theory of evaporation of submicroscopic drops, as 
well as a definite test of Fletcher's heterogeneous 
nucleation theory. 
10-2. Recommendations for Future Work. Probably the 
most important information needed at this point is that of 
the constituents of the cloud chamber atmosphere. A study, 
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utilizing a mass ~pectrometer, has already been initiated 
in this laboratory to determine these constituent~. Thi~ 
e~~ort includes a means o~ obtaining much purer water than 
that previously available, as well as provi~ions ~or 
selectively introducing pollutants into the system. 
The experimental techniques developed in this work will 
be discussed in turn. First, it i~ recommended that the 
supersaturation experiment be repeated in order to obtain 
more data point~. In particular, it would be desirable to 
obtain one ~et o~ value~ at about 0.4 ~econds a~ter the 
beginning o~ the compre~~ion. It ~hould be pointed out 
that to obtain this new set o~ value~, it may be necessary 
to make about ~i~ty runs. The rea~on tor the large number 
is that the evaporation rate should be much larger than 
encountered here, hence, small di~ferences in valve 
operating times will show up as rather large differences 
in calculated radii. If a larger number of point~ are 
desired, it would probably be wise to analyze the data with 
a computer in order to eliminate discrepancie~ arising from 
dif~erent minimum relative humidities inherent in the 
experiment. 
The value of the experiment utilizing dif~us 1on o~ 
droplet~ to the chamber walls is di~ficult to estimate. 
This experiment is complicated by the nece~sity for a slow 
expansion back to the ambient chamber condition~ prior to 
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the search expansion. The effect of the slow expansion 
on the droplet residues is unknown but is believed to be 
appreciable. This added complexity makes the experiment 
difficult to interpret with any degree of certainty. 
The mobility experiment is one which would furnish 
extremely valuable information concerning droplet size if 
numerical results could be obtained. Since the heterogeneou 
theory indicates that the droplets may simply be too large 
to be deflected, the high field cage must be reduced in 
size to allow lower relative humidities to be obtained. A 
reduction in cage depth of 1.5 to 2.0 inches is recommended. 
The size reduction should allow somewhat higher voltages to 
be used, as high fields between the cage, and water would be 
reduced. These high fields result in a corona type 
spraying phenomena. 
There is another experiment which should be performed 
to determine definitely whether or not the droplets lose 
their charges during evaporation. This can be accomplished 
by employing the cycle used in the mobility experiment with 
two changes. First, the deflection field should not be 
activated at all, and second, the search expansion should 
be increased to a supersaturation of about 4.4. If the 
charges have been expelled from the droplets, the droplet 
density of the x-ray produced beam will be doubled on the 
search pulse. This is true because nucleation and growth 




VARIATION OF CONSTANTS 
Because of the wide variation in drop radius (75 
angstroms to 15 microns) and temperature (266 °K to 336 °K), 
occurring in these experiments several of the so-called 
constants in Eqs. (2-24) and (2-25) vary sufficiently to 
warrant including them as variables rather than constants. 
The variation of some of these constants are discussed in 
the following paragraphs. 
I-1. Thermal Conductivity. The values used for the 
thermal conductivity K were obtained from the straight line 
in Fig. (I-1). The points used to plot this line were 
obtained from two different sources. 66,67 
I-2. Equilibrium Vapor Pressure of Water. The 
equilibrium vapor pressure of water as a function of 
temperature is plotted in Fig. (I-2). A least squares fit 
for this curve was obtained from a subroutine availa ble a t 
the computer center. Values good to four significant 
figures 68 were fed into the computer for every tenth of a 
degree change in temperature. The curve was broken up into 
ranges and the computer calculated series approxima tions f or 
each range. The resulting equations were fed into the 
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from them on demand of the computer program used to solve 
Eqs. (2-24) and (2-25). 
I-3. Surface Tension. The surface free energy term 
(or surface tension) is a function of temperature, radius, 
and pressure. 69 However, all of the variations appear to 
be very small for the range of parameters encountered in 
this cloud chamber work. Data were available only for the 
temperature variation.7° This plot is shown in Fig. (I-3). 
A procedure of the type described in the foregoing paragraph 
was employed to incorporate the surface tension into the 
computer program. 
I-4. Diffusion Constant. The diffusion constant D varies 
with temperature. However, no experimental data were avail-
able for water vapor diffusing through helium. The following 
theoretical expression71 should be of the proper order of 
magnitude for D 
2 [ 2~T 6_ +_I)] 
'7r \ ~ l "'1e (I-1) - 3 1t s,: ( I + 0\12 ) ( -t/, + 1/a ) 
where the ~·s are the molecular densities of the vapor and 
gas, the m's are the respective molecular masses, k is 
Boltzmann's constant, T is absolute temperature, s12 is the 
mean collision radius r 1 + r 2 , and oe12 is a constant between 
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I 2. 2 4- 4-
3 + /5 )A- - ~/-A- + ... 
where 
/2 = ~ 
m1 
For water vapor diffusing through helium ~12 = 0.3573. 
This equation is based upon kinetic arguments with a 
correction factor which takes into account the persistence 
of velocity. The variation of D with temperature is shown 
in Fig. (I-4). 
There are a number of articles72 ,73,74 ,75 which have 
radically different formulations for D when evaporation from 
small drops are considered. These formulations allow D to 
vary with the radius. This result follows when one invokes 
a flux limitation on the diffusion equation and it is re-
arranged in an original simpler form. Hence , these dif-
fusion constants might better be termed "effective diffusion 
constants 11 as they in no way represent an actual change in 
the diffusion law. 
I-5· Latent Heat of Vaporization for Water. The 
variation of the latent heat of vaporization with temperature 
is shown in Fig . (I-5). Points76 with four place accuracy 
were used, and the resulting equation was incorporated into 
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Most of the remaining constants that are used are truly 
univer~al constants. The variation of the accommodation 
coefficients is discussed elsewhere. 
APPENDIX II 
DROPS LOST DUE TO CLOUD CHAMBER PISTON MOTION 
Nucleation and growth occur during the expansion 
portion or the cycle, and the drops begin to tall. During 
a fast compression the upward motion of the piston sweeps 
out a portion of the droplets before the droplets can 
diminish in size to the extent that they can be carried with 
the gas. It is of interest to determine just how many drops 
are lost during this piston motion in order to correlate the 
drop count on formation or drops with the drop count for the 
search part of the cycle. 
If the water level, at maximum expansion of the chamber, 
is considered the origin for all displacement variables, the 
proble~ may be rormulated in a convenient manner as a one 
dimensional problem. 
The derinit1on or necessary quantities rollows: 
x = the position of the water level at any 
timet <xt =maximum displacement). 
= the position of either water drops or 
gas molecules at t = o. 
~ = the position of gas molecules at any 
time t. 
z = the position of water drops at any 
time t. 
h • the total height or the chamber measured 
rrom the water surface at maximum expansion 
(zero level tor displacement). 
t • time beginning with the upward motion or the 
water level. 
t 1 = time when the piston motion ceases. 
y and d are quantities used to illustrate the 
assumption of linear compression. 
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Since the gas molecules at the initial water level are 
displaced a total amount x1 and the gas molecules at h are 
displaced zero amount, a linear relationship for inter-
mediate positions is assumed. (See Fig. II-1). For the 
initial line 
(II-1) 
and at time t 
y(t) = d U - d X • (II-2) 
h-x h-x 
For any arbitrary starting position u 0 of the gas molecules 
u = (u- uo>/y =constant 
eliminating y and d 
or 
u = h-x u0 + x h 
(II-3) 
This equation yields the gas displacement as a function 
of the water level and the initial point of the gas for any 
desired value of either. 
The equation of motion for a water drop in the chamber 
is given by 
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Figure II-1 
where 
m = mass of the drop 
g = gravity constant 
r= Stokes law constant = 6 'flrn c 
r = the radius of the water drop 
n = viscosity 
C = the Cunningham correction factor which is 
necessary for the case where the mean free 
path of the gas molecules is larger than 
the radius of the drop. Equation 
gives C as a function of pressure and radius. 
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A very close approximation of the equation for the 
water level as a function of time is given by 
(II-5) 
It is also desirable to approximate the change in radius 
of the drop linearly so that 
r =;8t + r • 0 (II-6) 
Quite obviously the collection of all of these factors 
into Eq. (II-4) leads to a nonlinear equation. As a first 
approximation the mass and the Stokes law constant, which 
are both functions of time, may be considered constant for a 
short time interval and appropriate average values substi-
tuted for a given time interval. 
Combining Eqs. (II-2), (II-4), and (II-5) yields 
2 4 + ft dz = /- ,_ - g - ~ uoxl 
dt m dt m t 1 mht1 
(II-7) 
The mass m is determined from Eq. (II-6) and the term 
where pL is the density of water. Considering the 
coefficients and all right hand terms of Eq. (II-7) as 
constants 
where 
z = G t + G- B z(o) [exp(-Bt) - 1] + z(o) 
B B2 
B = j'A-/m 
G = -g + B x1/t1 - B x1u0 /t1h 
z(o) = initial drop displacement 
z(o) = initial drop velocity. 
This problem was solved on a computer by supplying the 
appropriate values for the "conl!!ltants" in the linear 
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(II-8) 
Eq. (II-7). A graph of the initial position of the water 
drops versus the final position is shown in Fig. (II-2). 
For the run shown, about 21 percent of the drops are swept 
out by the piston motion. This is calculated from the fact 
that for all drops located at z > z (corresponding to 
0 
z final = x1 ) will remain in the chamber atmosphere and all 
other drops will be swept out by the piston motion. 
2 
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